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ABSTRACT 


The  part  played  by  laboratory  testing  In  the  successful  application 
of  underwater  soil  mechanics  to  problems  concerning  ocean  engineering 
depends  both  on  the  uniformity  of  the  natural  strata  and  on  the  skill 
and  experience  of  the  engineer.  The  empirical  relationships  developed 
in  terrestrial  soil  mechanics  for  designing  foundations  and  determining 
soil  mass  stability  are  based  to  a major  extent  on  the  trlaxlal  test* 
while  virtually  all  data  on  marine  sediments  have  been  acquired  utilizing 
the  vane  shear  tests.  The  standard  vane  shear  test  has  been  the  most 
widely  used  (test  because  It  can  be  performed  quickly,  with  a minimum  of 
sample  disturbance,  and  the  equipment  is  relatively  simple  and  inexpen- 
sive.- Although  both  the  tri axial  test  and  vane  shear  test  are  used  to 
determine  the  shear  strength  of  soil,  thus  far  there  has  been  virtually 
no  correlation  established  between  these  two  tests. 

— This  study  concerns  the  determination  of  laboratory  ' * strength 
for  a £articular>marine  soil,  and  evaluates  the  relatlonsnv  oetween  the 

(K  iuJLiaj'j 

vane  shear  test  and  triaxial  test>  The  ability  to  correlate  these  data 
with  data  from  other  triaxial  and  vane  shear  tests  should  prove  to  be  a 
significant  contribution  to  the  field  of  soil  mechanics  and  ocean 
engineering1^ For  the  particular  sediment  tested  (a  clayey  silt),  the 

initial  tests  indicate  the  vane  shear  peak  strength  to  be  10%  of  the 

forjlrr  , 

triaxial  test  peak  shear  strength;  Ik  urn  d 

cortege  1 t'os  + ce-v  -tu>& 


TABLE  OF  CONTENTS 


i 


ABSTRACT  i 

INTRODUCTION  1 

DESCRIPTION  OF  SEDIMENT  4 

PROCEDURE  5 

SUMMARY  OF  RESULTS  9 

DISCUSSION  OF  RESULTS  13 

CONCLUSIONS  17 

ACKNOWLEDGMENTS  18 

REFERENCES  19 

APPENDIX  A 20 

APPENDIX  B 28 

APPENDIX  B(I)  32 

APPENDIX  B (II)  36 

APPENDIX  C . 37 

APPENDIX  D 41 

APPENDIX  E 48 

APPENDIX  F 52 

APPENDIX  G 69 

APPENDIX  H 82 

APPENDIX  I 96 


ii 


I 


1 


INTRODUCTION 

One  of  the  most  recent  developments  in  the  field  of  soil  mechanics 
and  foundation  engineering  is  the  emergence  of  the  study  of  marine  soils. 
The  emphasis  for  this  development  has  been  supplied  by  demands  associated 
with  the  expansion  of  the  offshore  construction  industry,  both  in  the 
civilian  and  the  military  arena.  These  demands  are  a direct  consequence 
of  environmental  studies,  an  increase  in  population,  the  need  for 
development  of  offshore  petroleum  and  mineral  resources,  and  for  the 
military,  the  desire  to  utilize  the  seafloor  for  interests  of  national 
security. 

Until  recently,  most  of  the  information  available  concerning  marine 
soils  was  the  result  of  investigations  conducted  by  marine  geologists 
and  oceanographers.  These  investigations  were  undertaken  to  determine 
the  geophysical  and  geological  characteristics  of  marine  soils,  and  are 
thus  of  limited  value  to  practicing  soil  engineers.  Investigations 
specifically  directed  to  the  finding  of  the  engineering  properties  of 
marine  soils  were  almost  exclusively  undertaken  by  oil  companies,  con- 
sulting firms,  governmental  agencies,  and  only  a handful  of  college 
universities.  With  the  exception  of  university- type  research,  these 
early  investigations  were  more  often  not  designed  to  facilitate  specific 
projects  and  were  therefore  of  limited  value  in  adding  to  the  general 
knowledge  concerning  the  engineering  properties  of  marine  soils. 

The  determination  of  shear  strength  is  of  utmost  importance  in  soil 
engineering  practice,  both  in  the  laboratory  and  in  the  field.  Both 
have  limitations,  however.  Proper  tools  needed  for  adequate  field  test- 
ing are  not  available,  and  laboratory  testing  is  taken  at  the  risk  of 


sample  disturbance,  thus  leading  to  inaccurate  results.  Laboratory 
testing  is  also  very  expensive  because  of  the  cost  of  obtaining  samples. 
Unless  a soil  test  simulates  the  worst  conditions  which  will  exist  IN 
SITU,  it  may  not  reflect  the  soil  strength  at  Its  poorest  (the  strength 
ordinarily  needed  for  design).  Furthermore,  It  is  often  difficult  If 
not  impossible  in  a field  test  to  include  the  effect  of  future  changes 
in  soil  strength  imposed  by  construction.  The  effects  of  environment 
and  future  load  changes  can  be  studied  in  the  lab,  however.  Any  program 
of  field  testing  should  be  correlated  with  tests  in  the  laboratory 
conducted  under  the  full  range  of  loading  and  environment  at  conditions 
which  will  likely  be  experienced.  Similarly,  no  lab  program  of  soil 
testing  Is  complete  without  field  verification  by  strength  tests. 

It  should  be  emphasized  that  the  purpose  of  this  analysis  is  to 
make  a comparison  between  two  types  of  sediment  testing  apparatus  - the 
triaxial  test  and  the  vane  shear  test  - and  NOT  to  simply  obtain  the 
strength  characteristics  of  a particular  type  of  soil,  since  this  pro- 
cedure is  common  in  engineering  practice  today.  In  order  to  accomplish 
this  objective  and  obtain  accurate  data,  both  the  existing  triaxial  test 
apparatus  and  vane  shear  apparatus  at  the  U.  S.  Naval  Academy  were  modi- 
fied to  enable  a wide  range  of  loading  conditions,  to  have  a more 
effective  loading  system,  and  to  allow  electronic  printouts,  graphical 
and  digital,  of  the  test  data.  In  order  to  establish  a correlation  and 
to  gain  a theoretical  understanding  of  the  differences  between  the  two 
tests,  a specially  designed  triaxial  thrust  rod  was  modified  so  that 
standard  triaxial  tests,  standard  vane  shear  tests,  and  combined  vane 
shear/tri  axial  tests  may  be  run  in  one  complete  test  apparatus.  Although 
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this  modification  was  not  tested  in  this  study,  it  is  highly  recommended 
that  a future  analysis  in  this  particular  area  of  soil  behavior  include 
this  equipment  for  testing. 


! 
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DESCRIPTION  OF  SEDIMENT 

The  sediment  used  for  this  analysis  has  been  kept  in  a large  stor- 
age container,  and  has  been  used  repeatedly  over  the  past  few  years  In 
previous  soil  investigations.  It  is  an  olive-grey  clayey  silt  taken 
from  the  continental  shelf  off  the  coast  of  California,  In  the  Santa 
Barbara  Channel,  at  a depth  of  600'.  It  consists  of  3%  sand,  25%  clay, 
and  72%  silt.  It  has  a permeability  of  2.5x  10" 7 cm/sec,  and  a co- 
efficient of  consolidation  of  lx  10"3  cm2/sec.  The  liquid  limit  is 
48.6,  the  plastic  limit  is  30.0,  and  has  a void  ratio  of  about  1.0  In  a 
remolded  state.  This  data  was  taken  from  previous  work  done  by 
Midshipman  James  Halwachs,  a Trident  Scholar  In  1972.  Thorough  remold- 
ing of  the  sample  was  accomplished  by  utilizing  a heavy-duty  mixer.  Be- 
cause this  particular  study  was  oriented  around  testing  the  equipment 
and  not  the  soil  in  particular,  there  was  no  harm  in  reusing  the  soil, 
provided  that  the  remolding  was  thorough  and  complete. 
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PROCEDURE 

The  project  was  divided  into  three  general  categories: 

1.  First  Data  Set 

l 

2.  Second  Data  Set 

3.  Construction  of  modified  triaxial  thrust  rod 
1.  FIRST  DATA  SET 

A.  Preliminary  measurement  of  the  peak  shear  strength  of  the  soil 
sample  was  performed  in  the  sample  tray  by  obtaining  four  vane  shear 
tests  at  0.8"  from  each  corner  of  each  prospective  sample  to  obtain  an 
average  shear  strength  for  the  particular  sample. 

B.  An  average  value  of  all  72  vane  shear  tests  was  obtained  to 

normalize  futu  The  normalizing  was  performed  by  correcting  the 

data  found  laxial  tests,  using  the  average  vane  shear  strength 

found  from  each  separate  sample.  If  the  vane  shear  test  results  were 
above  the  average  of  all  the  tests,  the  normalized  value  was  the  per- 
centage addition  or  subtraction  to  the  particular  test  result. 

C.  The  specimen  sample  was  taken  out  of  the  sample  tray  using  a 
coring  device,  and  the  "hole"  was  filled  with  a wooden  plug  of  equal 
dimensions  as  the  sample  to  prevent  possible  future  disturbance  in  the 
tray. 

D.  A water  content  analysis  was  performed  on  a V sample  of  the 

test  specimen,  and  the  sample  was  placed  in  the  triaxial  cell  and  con- 
solidated. Four  different  pressures  were  used:  25  psi,  50  psi,  75  psi, 

and  90  psi.  The  purpose  was  twofold:  (1)  to  simulate  different  sedi- 

ment depths,  and  (2)  to  obtain  a normalized  Mohr  envelope  for  the  soil 
for  both  total  and  effective  stress.  Consolidation  time  was  initially 
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varied  between  4 hours  and  24  hours  to  determine  whether  or  not  the 
time  of  consolidation  was  a factor  in  the  determination  of  the  peak 
shear  strength  of  the  soil,  but  the  time  was  held  constant  for  later 
tests  at  4 hours,  for  reasons  of  consistency  in  data. 

E.  Eighteen  consolidated  undrained  triaxial  tests  were  run  at  the 
four  different  pressures,  first  at  rates  of  testing  between  60  minutes 
and  ten  hours  to  obtain  the  variations  in  peak  deviator  stress  and  pore 
water  pressure  with  time,  then  at  a constant  rate  of  45  minutes  to  obtain 
consistent  data.  Triaxial  failure  was  assumed  at  20%  strain. 

F.  A vane  shear  test  was  then  run  on  the  failed  triaxial  sample 

to  establish  correlations  between  the  undrained  shear  strength  from  the 
triaxial  test  and  the  undrained  shear  strength  from  the  vane  shear  test. 
The  results  were  plotted  as  follows:  peak  shear  strength  vs.  normal 

stress  found  from  the  Mohr  envelope.  See  Appendix  D. 

G.  Another  water  content  analysis  was  performed  on  the  failed 
sample  following  the  triaxial  and  vane  shear  test  to  determine  the  effect 
of  water  content  on  peak  strength  and  consolidation  pressure.  See  Ap- 
pendix C for  numerical  results  and  Appendix  D for  graphical  results. 

H.  All  data  was  collected,  the  results  are  found  in  Appendix  C, 

D and  F.  Results  are  discussed  in  the  Summary  section  of  this  paper. 

2.  SECOND  DATA  SET 

A.  Four  tests  were  performed  in  the  triaxial  cell  at  pressures  of 
25  psi,  50  psi,  70  psi,  and  75  psi.  The  same  procedures  of  test  rates, 
vane  shear  tests,  and  water  content  analysis  were  used  as  in  the  first 
data  set.  The  purpose  of  this  data  set  was  to  obtain  greater  uniformity 
in  the  sediment  samples  as  the  first  data  set  had  wide  variations  in  the 
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initial  shear  strength  measured  in  the  sample  tray.  The  soil  specimens 
were  again  remolded,  which  caused  a lower  peak  shear  strength  than  the 
first  data  set,  but  a consistency  could  still  be  determined.  The  results 
plotted  for  this  data  set  are  as  follows:  peak  shear  strength  vs.  normal 
stress,  water  content  vs.  confining  pressure,  and  axial  stress  vs.  water 
content.  As  in  the  first  data  set,  there  was  nearly  a 10  to  1 variation 
between  the  peak  shear  strengths  found  from  the  triaxial  test  vs.  the 
vane  shear  test,  i.e.  the  vane  shear  strength  found  was  still  only  10% 
of  the  triaxial  shear  strength.  See  Appendix  C,  D,  and  F for  results. 

For  each  vane  shear  test  performed,  both  peak  shear  strength  and 
remolded  shear  strength  were  recorded  using  a digital  voltmeter  and 
strip  chart  recorder.  (See  Appendix  B and  Appendix  E for  further  de- 
scription of  equipment  and  pictures  of  the  apparatus,  see  Appendix  G for 
sample  strip  chart  printout  of  vane  shear  test). 

For  the  consolidated  undrained  triaxial  test,  the  data  was  obtained 
from  the  gauges  found  on  the  apparatus  itself.  The  data  was  as  follows: 
confining  cell  pressure,  axial  load  (using  the  load  ring  affixed  atop 
the  triaxial  cell  - see  Appendix  E),  axial  stress  - found  from  dividing 
the  axial  load  by  the  initial  cross  sectional  area  of  the  soil  specimen, 
strain  rate  using  a dial  indicator,  and  pore  water  pressure  using  a pore 
water  pressure  measuring  device.  The  vane  shear  test  rate  was  held 
constant  at  0.0262  rad/sec  (90  deg/min)  for  all  vane  shear  tests. 

Earlier  studies  have  Indicated  that,  as  the  rate  of  shear  decreases,  the 
shear  strength  also  decreases,  due  to  the  phenomenon  of  creep,  and 
perhaps  a change  in  pore  water  pressure. 
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3.  CONSTRUCTION  OF  MODIFIED  TRIAXIAL  THRUST  ROD 


This  was  a design  problem,  the  purpose  of  which  was  to  enable  vane 


shear  tests  to  be  performed  in  the  triaxial  cell  at  the  same  time  a tri- 


axial  test  is  run.  This  modification  may  enable  determination  of 


whether  a shear  using  the  vane  shear  apparatus  will  cause  an  increase 


in  pore  water  pressure,  and  to  find  the  effect  of  pore  water  pressure  on 


the  vane  shear  test  to  determine  whether  or  not  a drained  condition 


actually  exists. 


The  thrust  rod  was  designed  for  a vane  to  be  coupled  to  the  bottom 


of  the  rod,  with  a fixed  connection  resting  on  the  top  stone,  separated 


from  the  thrust  rod  itself  by  roller  bearings.  A hole  in  the  center  of 


the  top  pore  stone  of  the  triaxial  cell,  with  a slightly  larger  diameter 


than  the  vane  shaft,  was  also  created  to  allow  the  vane  shaft  to  enter 


the  soil  sample  directly.  The  top  of  the  thrust  rod  was  fitted  with  a 


gear  to  be  connected  with  a similar  gear  on  the  vane  shear  strain  gauge. 


The  entire  vane  shear  apparatus  was  then  to  be  placed  on  a modified 


wooden  platform  adjacent  to  the  triaxial  apparatus. 
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SUMMARY  OF  RESULTS 

The  following  tables  represent  a summary  of  results  found  from 
test  data  sets  1 and  2.  The  first  table  shows  in  tabular  form  all  data 
collected  from  data  set  #1.  The  second  table  gives  the  corrected  values 
of  specific  parameters  due  to  normalization  from  data  set  #1.  Table  #3 
indicates  the  results  of  water  content  tests  for  data  set  #1.  Table  #4 
gives  the  results  for  data  set  #2,  showing  the  water  content  results, 
vane  shear  strength  results,  and  triaxial  test  results.  Table  #5  is  the 
Mohr  envelope  for  data  set  #1;  table  #6  is  the  Mohr  envelope  for  data 
set  #2.  See  Appendix  C,  G and  H for  further  tabular  results. 


CORRECTED  VALUES  DUE  TO  NORMALIZATION  OF  VANE  SHEAR  STRENGTH  TEST  DATA  FROM  TEST  SET  #? 
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DISCUSSION  OF  RESULTS 


Upon  normalization  of  data  for  the  first  data  set,  there  was  found 
a remarkable  consistency  In  the  Mohr  envelope  diagram,  with  the  exception 
of  the  tests  run  at  25  psl.  It  is  not  known  why  this  data  was  inaccurate; 
perhaps  further  testing  will  yield  better  results. 

The  data  for  the  graph  of  peak  shear  strength  after  triaxial  loading 
versus  water  content  after  triaxial  loading  was  consistent  with  other 
soil  test  data  from  other  sources,  indicating  an  increase  in  water  con- 
tent with  a decrease  In  peak  shear  strength,  although  separate  points 
were  plotted  for  each  confining  pressure.  Normally,  all  the  data  points 
should  have  fallen  on  one  curve.  This  was  not  the  case  in  this  data, 
however. 

In  correlating  the  water  content  versus  confining  pressure,  there 
was  a reasonable  amount  of  consistency,  as  the  graph  indicated  a gradual 
decrease  in  water  content  with  an  increase  in  confining  pressure,  which 
was  reasonable,  as  an  increase  in  pressure  would  cause  more  water  to  be 
squeezed  out  of  the  soil  sample  during  the  consolidation  phase  of  testing. 

One  of  the  reasons  for  varying  the  length  of  time  required  for  test- 
ing was  to  investigate  the  effect  of  peak  pore  water  pressure  with  time, 
and  these  results  were  consistent  with  those  found  from  other  soil  tests. 
As  the  length  of  time  required  for  testing  increased,  the  pore  water 
pressure  would  reach  a peak  value  near  the  l\  hour  mark,  and  gradually 
decrease  with  time.  This  indicates  that  for  the  optimum  measurement  of 
the  effect  of  pore  water  pressure,  all  future  tests  should  run  somewhere 
between  two  and  three  hours  for  this  type  of  sediment,  instead  of  45 
minutes  - the  length  of  time  this  test  series  was  run. 
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The  graph  of  peak  deviator  stress  with  time  caused  a great  concern, 
as  its  behavior  was  the  opposite  of  the  intended  behavior.  There  should 
have  been  a gradual  decrease  in  peak  deviator  stress  with  time;  however, 
this  was  not  the  case  in  this  analysis.  The  possible,  and  most  likely 

9 

reason  for  this  behavior  was  due  to  a lack  of  sufficient  consolidation 
time  for  the  tests,  and  all  future  tests  in  this  area  should  allow  a 
minimum  of  24  hours  for  sample  consolidation  in  the  triaxial  cell.  In- 
stead of  the  4 hour  allotment  utilized  in  this  analysis. 

The  final  graph  of  the  first  data  set,  which  was  the  goal  of  our 

analysis,  pertaining  to  the  peak  shear  strength  found  with  the  vane 

shear  test  versus  normal  stress  on  the  Mohr  diagram,  gave  extremely  in- 
teresting results.  It  indicated  approximately  a 10  to  1 variation  be- 
tween  the  shear  strengths  of  the  triaxial  test  and  the  vane  shear  test, 
i.e.,  the  vane  shear  test  had  its  peak  shear  strength  to  be  only  10%  of 

the  peak  shear  strength  found  from  the  triaxial  test.  There  is  a 

certain  lack  of  confidence  in  these  results,  however,  as  from  theory, 
there  should  have  been  a more  direct  correlation  between  the  two  shear 
strengths.  It  should  be  noted  that  there  has  been  little  previous  re- 
lationship established  between  these  two  tests  on  marine  sediments.  The 
lack  of  confidence  also  results  from  a definite  variation  in  consistency 
in  comparing  each  of  the  separate  test  results. 

As  these  results  were  rather  questionable,  a second  data  set  was 
obtained  by  running  four  more  test  runs  at  four  different  confining 
pressures,  to  see  if  the  results  would  be  similar  in  nature  to  the  first 
test  data  set.  As  the  soil  was  remolded  again,  there  was  a lower  shear 
strength  found  from  these  results,  but  once  again  the  comparison  of  the 


two  shear  strengths  were  found  to  be  close  to  the  first  data  set.  The 
Mohr  diagram  showed  the  peak  shear  strengths  to  be  nearly  10%  of  the 
first  set.  The  water  content  showed  the  typical  increase  with  a decrease 
in  peak  shear  strength  after  triaxial  loading,  though  at  a much  steeper 
slope  on  the  graph.  This  was  because  all  four  data  points  were  put  on 
one  line,  rather  than  obtaining  one  line  for  each  confining  pressure. 

Once  again,  the  water  content  decreased  with  an  increase  in  cell 
pressure,  as  in  the  first  data  set.  Finally,  the  relationship  between 
the  triaxial  vs.  vane  shear  tests  had  close  to  a 10:1  variation  in  peak 
shear  strength,  though  a little  less,  because  of  remolding.  These 
results  were  not  average  values,  and  the  data  points  were  not  as  con- 
sistent as  the  first  data  set. 

Since  there  has  been  little  previous  relationship  investigated  be- 
tween the  shear  strength  found  between  the  triaxial  and  vane  shear  tests 
on  marine  sediment,  there  are  no  direct  correlations  to  base  my  data 
upon.  It  is  therefore  highly  recommended  that  more  research  be  done  in 
this  area  to  either  support  or  refute  these  research  results.  Recom- 
mendations call  for:  1)  allowance  in  increasing  consolidation  time  for 

each  test  to  a minimum  of  one  day,  2)  to  avoid  the  use  of  a sample  tray 
which  may  have  been  a major  source  of  inconsistencies  in  shear  strengths, 
and  3)  to  run  the  vane  shear  tests  inside  the  triaxial  cell  under  con- 
fining pressure  using  the  modified  apparatus,  rather  than  taking  the 
sample  out  of  the  cell  after  triaxial  failure  and  then  running  a vane 
shear  test.  This  procedure  may  have  been  another  result  In  variation 
with  expected  results. 

Other  variations  could  have  been  due  to  the  possible  sample 
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disturbance  after  remolding,  sometime  during  the  preparation  of  the 
sample  before  testing;  the  friction  In  the  system,  which  was  not  meas- 
ured, as  it  was  assumed  to  be  constant  throughout  the  test  process;  and 
the  slight  possibility  of  leakage  in  the  system,  which  may  have  occurred 
although  one  month  was  devoted  to  leak  prevention  in  the  triaxlal  cell, 
its  fittings,  and  the  pore  water  pressure  measuring  device. 
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CONCLUSIONS 


It  Is  apparent  from  the  results  found  in  this  analysis  that  further 
testing  needs  to  be  performed,  in  order  to  be  confident  of  these  initial 
findings.  Thus  far,  there  has  been  virtually  no  correlation  between  the 
triaxial  and  vane  shear  tests,  so  there  has  been  no  other  data  to  com- 
pare these  results  with.  If  these  findings  are  indeed  valid,  new  areas 
of  analysis  must  be  made  correlating  the  two  tests,  as  present  day  soil 
engineers  would  be  greatly  underestimating  and  wrongly  predicting  soil 
behavior  for  this  particular  type  of  sediment  from  one  type  of  test  alone. 

It  is  also  necessary  to  enable  the  vane  shear  test  to  be  performed 
inside  the  triaxial  cell  utilizing  the  modified  thrust  rod  designed  in 
the  course  of  this  study.  This  will  provide  more  accuracy  in  determin- 
ing the  true  vane  shear  strength,  as  the  soil  will  still  be  in  the 
pressurized  state  Inside  the  cell. 

It  was  found  that  the  sample  tray  was  not  a good  method  for  obtain- 
ing consistent  samples,  and  should  not  be  considered  for  future  testing. 
Variations  in  the  shear  strength  found  from  the  vane  shear  tests  on  the 
tray  samples  indicated  a lack  of  consistency  and  wide  variation  in  shear 
strength. 
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APPENDIX  A 


DESCRIPTION  OF  TRIAXIAL  TEST 


MECHANISM  OF  SHEAR 

If  a specimen  is  failed  in  a pressure  system  such  that  there  is  no 
uniform  distribution  of  stress  on  the  failure  surface,  the  entire 
strength  of  the  specimen  is  not  mobilized  simultaneously  for  resistance 

to  failure.  Instead,  the  specimen  is  failed  progressively,  like  the 

% 

tearing  of  a piece  of  paper.  Because  progressive  failure  is  fostered 
by  non-uniform  stresses  and  strains,  it  follows  that  the  test  which 
imposes  the  most  uniform  conditions  on  the  test  specimen  will  have  the 
least  progressive  action. 

Figure  a.  shows  a direct  shear  specimen  before  the  start  of  shear. 
If  the  strains  were  uniform,  the  sheared  specimen  would  be  as  shown  in 
Figure  b.;  the  vertical  lines  remain  parallel  but  move  to  the  position 
shown.  The  strains  of  Figure  b.  however,  are  not  the  actual  ones,  but 
those  of  Figures  c.  and  d.  are.  In  fact,  the  shear  zone  of  a direct 
shear  specimen  seems  to  be  contained  within  the  dotted  lines  of 
Figure  e..  The  soil  at  the  edges  of  the  box  is  usually  failed  before 
the  soil  at  the  center  is  close  to  failure. 
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Although  the  distribution  of  strains  and  therefore,  stresses,  is 
more  nearly  uniform  in  the  triaxial  test,  it  is  not  completely  uniform. 


Figure  f.  shows  the  cross  section  of  a loaded  triaxial  specimen.  Because 
of  the  restraint  furnished  by  the  sample  caps  (in  our  case,  the  top  and 
bottom  porous  stones),  there  are  dead  zones  at  the  top  and  bottom  in 
which  practically  no  strains  occur.  The  center  zone,  therefore,  under- 
goes considerably  greater  strain  than  the  edges;  this  is  illustrated  by 
the  scales  on  the  specimen,  which  were  alike  before  shear.  As  a result 
of  this  strain  distribution,  the  stresses  in  the  center  of  the  specimen 
are  greater  than  those  at  the  edges. 


Fig.  f. 

Since  the  boundary  stresses  in  the  triaxial  test  consist  of  known 
normal  pressures  and  zero  shear  stresses  on  the  horizontal  and  vertical 
planes,  the  complete  stress  system  is  always  statically  determinate  in 
this  test.  The  principal  stresses  on  the  test  sample  are  controlled  by 
two  means:  Oj  is  applied  and  controlled  by  a loading  ram,  or  thrust 
rod  at  a strain-controlled  rate,  and  o2  and  o3  are  controlled  by  varying 
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the  pressure  inside  the  cell;  therefore  o2  = a3  . Another  way  of 
expressing  what  has  been  stated  is  to  point  out  that  a Mohr  diagram  can 
be  drawn  for  any  stage  of  the  triaxial  test,  as  long  as  another  factor, 
known  as  the  pore  water  pressure,  is  known.  Pore  water  pressure  will 
be  discussed  in  detail  in  a later  section  of  this  paper.  The  changes 
of  stress  on  any  plane  can  be  traced  as  the  test  progresses,  unlike,  for 
instance,  the  direct  shear  test,  where  only  the  failure  conditions  are 
known  and  the  only  known  stresses  are  the  horizontal  ones. 

A triaxial  specimen  may  fail  in  one  of  two  general  ways:  a plastic 
flow  failure  or  a shear  failure.  In  a plastic  flow  failure,  the  speci- 
men bulges  to  a barrel  shape,  without  the  formation  of  a definite 
rupture  surface,  whereas  a distinct  rupture  surface  is  developed  in  a 
shear  failure.  The  two  types  of  failures  are  illustrated  below: 
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The  failure  of  an  undistrubed  specimen  is  a shear  failure,  and  that  of 
a remolded  specimen  is  a plastic  flow  failure.  In  this  particular 
analysis,  a remolded  specimen  was  used  for  testing,  and  we  obtained 
plastic  flow  failure  in  all  cases. 
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There  are  four  basic  types  of  triaxial  tests: 

1.  Unconsolidated  drained  tests 

2.  Unconsolidated  undrained  tests 

3.  Consolidated  drained  tests 

4.  Consolidated  undrained  tests 

If  the  excess  pore  water  pressures  are  positive  so  that  the  soil  tends 

to  decrease  in  volume,  the  process  is  called  consolidation.  The  process 

of  consolidation  is  governed  by  the  equations  of  equilibrium  for  an 

element  of  soil,  the  stress-strain  relations  for  the  mineral  skeleton, 

and  a continuity  equation  for  the  pore  fluid.  This  paper  is  concerning 

itself  solely  with  the  consolidated  undrained  triaxial  test,  whereby  we 

consolidate  our  sediment  sample  under  an  all-around  confining  stress, 

and  prevent  any  drainage  to  occur  from  the  sample.  This  will  allow  us 

to  measure  the  pore  water  pressure  for  any  given  state  of  stress,  and 

therefore  enable  computation  of  the  effective  stress,  which  is  simply 

the  total  stress  minus  the  pore  water  pressure,  or  mathematically 

stating  it:_ 

a = a - u 

Where  a = total  stress 

a = effective  stress 
u = pore  water  pressure 

The  majority  of  publications  state  that  the  normal  time  for  running  a 
consolidated  undrained  triaxial  test  (hereafter  referred  to  as  a CUT 
test)  is  about  ten  minutes  if  pore  water  pressure  measurements  are  not 
required.  If  they  are  required,  the  time  for  testing  may  take  from  one 
to  eight  hours  depending  on  soil  type  and  the  accuracy  called  for. 

The  consolidation  stage  of  a CUT  test  may  take  as  long  as  three 
days  in  a soil  of  low  permeability,  and  it  is  important  that  variations 
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in  cell  pressure  be  avoided  during  this  period.  Our  particular  soil  had 
a permeability  of  K = 2.5  x 10"?  cm/sec.  For  certain  special  tests,  a 
constant  cell  pressure  may  be  required  for  a period  of  several  weeks  or 
even  months.  The  maintenance,  with  sufficient  accuracy,  of  a constant 
cell  pressure  over  a long  period  of  time  presents  considerable  difficulty. 
For  the  purposes  of  this  analysis,  the  90  psi  air  line  system  from  with- 
in Rickover  Hall,  coupled  with  a 1200  psi  air  tank,  was  used  for  our 
experiments. 

Current  methods  of  applying  the  axial  load  to  the  sample  are  in- 
fluenced both  by  the  requirements  of  the  particular  test  and  the  need 
for  mechanical  simplicity.  Two  classes  of  procedure  may  be  broadly  dis- 
tinguished: controlled  rate  of  strain  and  controlled  stress.  For 

routine  tests  and  for  the  more  common  research  tests,  the  use  of  the 
controlled  rate  of  strain  has  many  advantages  and  is  generally  accepted. 
Our  work  was  performed  on  such  a machine.  The  rate  of  strain  at  failure 
is  accurately  known,  and  the  influence  of  rheological  factors  on  the 
observed  strength  can  thus  be  taken  into  account.  The  shape  of  the 
stress-strain  curve  beyond  the  point  of  maximum  stress  can  also  be  ob- 
served. The  duration  of  the  test  can  be  predicted  with  reasonable 
accuracy  which,  from  the  practical  point  of  view,  is  important  in  planning 
the  test  program. 

DESCRIPTION  OF  TRIAXIAL  EQUIPMENT 

Our  testing  was  performed  with  the  Karol -Warner  Triaxial  Model 
No.  567T,  which  consists  of  the  Model  No.  567  Compression  tester  modified 
specifically  for  triaxial  testing  of  both  soil  and  rock  samples  up  to 
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4 inches  in  diameter  and  up  to  9 inches  high.  Our  soil  samples  for  all 
tests  were  2.75  inches  in  diameter  and  of  varying  heights,  the  most 
common  height  being  6.5  Inches.  The  test  machine  has  an  axial  capacity 
of  25,000  lb.  and  was  fitted  with  a sensitive  load  ring  for  soil  samples, 
which  measured  the  axial  load  being  applied.  The  sample  is  placed  in 
the  test  chamber  (which  has  a 400  psi  lateral  pressure  capaicty)  by 
removing  the  top  of  the  test  chamber,  removing  the  windowed  cylindrical 
chamber,  placing  the  sample  on  the  bottom  porous  stone,  ensuring  that 
the  bottom  stone  is  firmly  in  place  to  prevent  leakage,  and  ensuring  an 
o-ring  or  rubber  band  seal  around  the  rubber  membrane  holding  the  sample 
on  the  bottom  stone.  The  top  stone  is  placed  atop  the  sample,  and 
secured  with  o-rings  or  rubber  bands,  and  the  two  1/16"  tubes  are  firmly 
connected  to  the  top  stone  before  replacing  the  glass-walled  cylinder, 
filling  the  interior  of  the  cell  with  water  If  desired,  and  replacing 
the  top  and  tightening  it  down  with  the  four  knurled  nuts. 

The  base  of  the  cell  has  one  external  fitting  which  is  for  the  dry 
air  supply.  This  fitting  is  internally  connected  to  the  air  regulator 
into  which  an  air  supply  is  fed.  The  air  pressure  is  read  directly 
from  the  gage  on  the  base.  The  dirve  shaft  for  the  cell  platform  is 
coupled  to  a variable  D.C.  motor,  which  drives  the  platform  either  up  or 
down  at  1120  rev/in. 

As  was  mentioned  previously,  the  top  porous  stone  is  connected  to 
two  tubes,  which  are  led  to  couples  on  the  outside  of  the  cell.  These 
are  used  for  saturation  of  the  sample,  and  for  pore  water  pressure  read- 
ings, when  coupled  to  a pore  pressure  device.  Normally,  only  one  port 
needs  to  be  open  to  the  atmosphere  during  saturation,  but  saturation 
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can  be  performed  quicker  if  both  ports  are  left  open  to  the  atmosphere. 

The  thrust  rod  which  applies  the  axial  load  is  inserted  through  the 
top  opening  on  the  cell,  and  adjusted  so  as  to  fit  into  the  hole  on  the 
top  stone  without  disturbing  the  soil  sample.  It  Is  held  in  place  by  a 
clamp  which  holds  a strain  gage  until  there  is  pressure  added  to  the 
chamber  via  the  air  supply  hose  to  the  top  male  couple  on  the  top  of  the 
cell.  After  lateral  pressure  is  introduced  into  the  cell,  the  clamp  can 
then  be  loosened. 

Behind  the  base  of  the  triaxial  cell  is  the  Pressure  Saturation 
Device,  KWPS-1.  This  is  utilized  for  measuring  volume  changes  In  the 
cell  and  sample,  and  is  also  used  for  saturation  of  the  sample.  For  the 
purposes  of  this  investigation,  the  volume  changes  were  not  recorded, 
and  we  only  used  the  device  for  saturation  of  the  soil  sample.  If  volume 
measurements  are  desired,  it  is  first  necessary  to  calibrate  the  three 
tubes  on  the  device  by  reading  levels  of  known  amounts  of  water  added 
into  the  tubes.  The  water  is  added  to  the  center  tube  after  the  gage 
at  the  top  of  this  tube  is  removed.  The  left  tube  is  filled  by  leaving 
open  the  two  valves  located  on  the  bottom  of  the  device.  When  both  tubes 
are  filled  to  the  desired  amount,  close  the  left  valve,  replace  the  gage, 
couple  the  center  tube  to  the  lower  porous  stone,  couple  the  upper  stone 
to  the  atmosphere,  and  add  pressure  to  the  center  tube  via  an  airline 
to  saturate  the  sample,  ensuring  that  the  saturation  pressure  is  less 
than  the  lateral  pressure  inside  the  cell,  or  the  sample  will  explode 
within  the  cell,  and  thus  preventing  a test  from  occurring. 

When  a steady  stream  of  water  flows  from  the  upper  stone  (the  at- 
mospheric connection),  uncouple  the  upper  stone,  and  open  the  left 
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valve  on  the  pressure  saturation  device.  This  outer  left  tube  will  be 
used  to  measure  the  volumetric  changes  In  the  sample  by  reading  the 
change  In  water  level  in  the  tube. 

The  right  tube  Is  used  to  measure  the  volumetric  change  inside  the 
chamber  Itself.  Since  this  tube  will  be  exposed  to  higher  pressures 
than  the  center  and  left  tubes,  the  right  tube  is  constructed  out  of 
metal.  The  thin  plastic  tube  on  the  outside  Is  used  to  measure  the 
change  In  the  water  level.  Because  the  plastic  tube  is  very  thin,  the 
force  inside  it  is  not  as  much  as  the  larger  metallic  tube  because  of 
the  smaller  surface  area  of  the  thin  tube.  This  tube  is  filled  by  un- 
screwing the  bolt  at  the  top  and  pouring  water  Into  the  opening.  The 
tube  is  connected  to  the  test  chamber  while  lateral  pressure  is  being 
added  to  the  chamber.  When  the  chamber  Is  pressurized,  the  hose  applying 
the  lateral  pressure  is  then  connected  to  the  top  of  the  right  tube  and 
the  bottom  of  the  tube  is  connected  to  the  chamber  top. 

The  pore  water  pressure  measuring  device  consists  of  a stand  con- 
taining a gage  that  measures  pressures  via  a bourdon  tube.  Mercury  is 
added  with  a syringe  until  it  can  be  seen  through  the  thin  glass  tube 
on  the  device.  Prior  to  use,  it  Is  best  to  add  pressure  to  the  device 
to  get  rid  of  air  pockets,  and  to  check  for  mercury  leakage.  This  was 
a major  problem  during  the  course  of  testing,  and  the  device  had  to  be 
repaired  periodically.  The  mercury  level  in  the  thin  glass  tube  is  ad- 
justed using  a hand  knob  on  the  left  side  of  the  device,  but  should  not 
be  adjusted  while  testing  is  in  progress.  It  Is  also  highly  recommended 
to  calibrate  this  device  using  the  air  supply  line  for  the  triaxial  cell 
and  checking  both  gages  (on  the  triaxial  base  and  the  pore  pressure 
device)  to  ensure  they  are  reading  the  same  pressures. 
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APPENDIX  B 

DESCRIPTION  OF  THE  VANE  SHEAR  TEST 
MECHANISM  OF  VANE  SHEAR  TESTING 

The  great  majority  of  laboratory  and  IN  SITU  measurements  to  deter- 
mine sediment  strength  utilize  the  vane  shear  test.  This  test  can  be 
performed  quickly,  and  as  stated  in  the  introduction,  is  simple  and  in- 
expensive. It  has  been  found  that  vane  shear  tests  have  several  defi- 
ciencies, however: 

1.  The  tests  are  not  applicable  to  granular  sediment. 

2.  The  vane  failure  surface  Is  predetermined  and  vertical. 

3.  The  vane  failure  surface  that  is  assumed  (a  right  circular 
cylinder)  for  sediment  strength  calculations  is  not 
accurate. 

4.  The  size  of  the  vane  and  the  rate  of  shear  is  not 
standardized. 

5.  The  conditions  of  drainage  are  not  known.  (Monney  1974) 

The  last  two  deficiencies  are  related  and  their  significance  can 

be  evaluated  by  laboratory  experiments.  Monney  (1974)  recommended  a 
standard  shear  rate  of  0.0262  rad/sec,  or  90  deg/mi n,  and  this  rate  was 
used  throughout  this  analysis.  The  reasons  for  a standardization  of  the 
shear  rate  are  as  follows:  One  would  expect  the  shear  strength  of  a 

sediment  to  vary  to  some  extent  as  the  rate  of  shear  is  varied.  A clayey 
sediment  behaves  as  a viscoplastic  material,  and  should  exhibit  an  in- 
crease In  strength  as  the  rate  of  shear  is  increased.  For  sediment  for 
which  the  vane  shear  test  is  applicable,  a shear  rate  of  0.0262  rad/sec 
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will  most  likely  result  in  an  undrained  shear  failure.  Slower  rates  of 
testing  may  result  in  partial  drainage  in  some  cases.  Moreover,  the 
change  in  strength  with  small  changes  in  shear  rate  Is  very  small  near 
the  rate  of  0.0262  rad/sec.  The  changes  in  exhibited  strength  can  be 
quite  large  for  small  changes  in  shear  rate  near  the  rate  of  0.002  rad/ 
sec.  For  example,  a variation  of  ± 0.0009  rad/sec  (3  deg/min)  from  the 
shear  rate  of  0.002  rad/sec  would  cause  a shear  strength  variation  of 
less  than  At  (Monney  1974).  This  is  important  because  most  vane  sheer 
devices  are  not  accurately  rate  controlled.  Finally,  the  shear  rate  of 
0.0262  rad/sec  can  be  performed  more  quickly,  which  Is  particularly  im- 
portant when  tests  are  being  performed  onboard  ships,  and  long  cores  are 
being  taken.  Rates  of  testing  will  be  discussed  in  greater  detail  in  a 
later  portion  of  this  paper. 

Changes  in  pore  water  pressure  at  the  failure  surface  will  also 
influence  shear  strength.  If  the  pore  water  pressure  decreases  (as  with 
a dense  sediment  where  the  grains  must  move  apart  to  fail  In  shear),  the 
effective  stress  between  the  grains  increases  and  the  shear  strength 
increases.  Conversely,  if  the  pore  water  pressure  increases  (as  with  a 

1 1 

loose-structured  sediment  where  the  grains  are  squeezed  together  in  a 
shear  failure),  the  shear  strength  decreases.  It  was  found  that  in  com- 
parison of  vane  shear  test  rates  between  0.0002909  rad/sec  (1  deg/min) 
to  0.0262  rad/sec  (90  deg/min)  that  shearing  resistance  varied  signifi- 
cantly within  these  rates,  therefore  the  90  deg/min  rate  was  decided 
upon  as  the  standard  rate  for  this  analysis. 

The  vane  shear  test  device  was  developed  and  tested  in  Sweden 
(Cadling  and  Odenstad,  1950).  The  measured  torque  on  the  vane  shaft  is 
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Tf=  shear  strength  at  maximum  torque 
For  this  analysis,  a Wykeham-Farrance  Laboratory  Vane  Tester  was 
modified  to  be  driven  by  a variable  D.C.  motor  with  direct  chain  drive 
to  the  vane  shaft.  With  this  device,  the  rate  of  applied  strain  was 
rigidly  controlled  at  predetermined  levels.  A bonded  strain  gage  was 
coupled  to  the  shaft  of  the  vane  for  direct  electrical  printout  of  the 
torque  on  the  shaft.  The  strain  gage  was  connected  to  a Wheatstone 
bridge  rectifier,  which  was  connected  to  an  amplifier,  whose  output  was 
calibrated  and  measured  on  both  a digital  D.C.  voltmeter  and  a strip 
chart  recorder,  in  order  to  obtain  both  numerical  and  graphical  results 
of  the  vane  test. 

Different  methods  of  obtaining  the  shear  strength  of  our  particular 
sediment  were  attempted  using  the  vane  shear  apparatus.  Our  sediment 
was  remolded  in  a sediment  tray  of  dimensions  24"  long  x 13"  wide  x 9" 
in  depth.  Fifteen  soil  samples  of  2.75"  in  diameter  each  by  6.5"  in 
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height  could  be  withdrawn  from  the  tray  in  this  manner.  Before  taking 
each  sample  out  of  the  tray  and  into  the  trlaxial  cell,  four  vane  shear 
tests  were  run  at  each  corner  of  the  sample  location,  0.75"  from  the 
sample  core  itself.  This  was  done  for  each  sample  in  order  to  obtain 
both  the  average  shear  strength  of  each  sample,  and  to  find  an  average 
shear  strength  within  the  tray  itself.  The  results  are  as  shown  in  the 
Appendix  section  of  this  paper. 

Once  the  average  shear  strength  was  obtained,  two  possibilities  of 
measuring  the  shear  strength  using  the  vane  shear  device  In  the  triaxial 
cell  were  utilized.  The  first  method  attempted  was  to  simply  run  the 
triaxial  test  on  a sample  to  failure,  then  remove  the  top  portion  of 
the  cell  and  immediately  run  a vane  shear  test  through  the  top  of  the 
sample  at  a depth  of  2.25"  into  the  sample  (the  same  depth  used  In  find- 
ing the  shear  strength  in  the  sediment  tray).  The  second  method  was  to 
incorporate  the  use  of  the  vane  shear  device  to  allow  the  vane  to  be 
fitted  to  the  thrust  rod  of  the  triaxial  cell,  and  rotated  within  the 
cell  utilizing  two  gears,  one  connected  to  the  top  of  the  triaxial  thrust 
rod,  the  other  connected  to  the  strain  gauge  of  the  vane  shear  device. 

The  vane  shear  device  is  to  be  mounted  on  a stand  adjacent  to  the  tri- 
axial cell,  and  needs  to  be  calibrated  and  adjusted  to  prevent  gear  slip- 
page and  miscalculations  due  to  the  torque  caused  by  the  two  gears. 
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APPENDIX  B( I) 

DETAILED  TEST  PROCEDURE 

The  first  step  in  the  test  analysis  was  to  take  four  vane  shear 
tests  around  each  sample  in  the  sediment  tray  prior  to  triaxial  and  sub- 
sequent vane  shear  tests.  Each  of  the  four  vane  shear  tests  were  taken 
at  a depth  of  2V  into  the  sample,  at  a distance  of  0.8"  from  each  corner 
of  the  sample.  This  test,  as  the  other  vane  shear  tests,  was  run  at  a 
standard  rate  of  90  degrees/minute.  The  purpose  was  to  obtain  an  average 
peak  strength  for  each  sample  prior  to  testing,  and  then  to  obtain  an 
average  of  all  the  tests  to  be  used  for  normalization  of  data  results. 

The  coring  device,  of  dimensions  2.75"  in  diameter  by  9"  high,  ex- 
truded the  soil  sample,  which  was  then  lubricated  and  the  rubber  membrane 
was  placed  around  the  corer.  The  purpose  of  this  was  to  facilitate  the 
placing  of  the  soil  into  the  triaxial  cell  without  the  necessity  of  using 
the  split  membrane  jacket.  The  sample  was  placed  on  top  of  the  bottom 
pore  stone,  and  secured  with  rubber  "o"  rings  to  the  stone.  An  air  line 
was  connected  to  the  coring  device  to  force  the  test  sample  out  of  the 
corer  via  air  pressure,  so  as  the  sample  came  out  of  the  corer,  the 
rubber  membrane  would  surround  the  sample  in  its  place.  Before  connect- 
ing the  top  porous  stone  to  the  sample,  a V slice  was  taken  off  the  top 
of  the  soil  sample,  and  a water  content  analysis  was  performed  on  it. 

The  sample  was  then  measured  for  proper  height  and  diameter. 

The  top  stone  was  then  placed  on  top  of  the  soil  sample,  "o"  rings 
secured  the  stone  to  the  membrane  and  sample,  and  the  tubing  jumpers 
connected  tightly  to  the  top  pore  stone.  The  metal  cylinder  of  the 
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tri axial  device  was  then  replaced,  the  cell  was  then  filled  with  water, 
the  top  of  the  cell  screwed  down  handtight  using  the  knurled  nuts.  The 
thrust  rod  was  inserted  through  the  chamber  top,  and  carefully  set  in 
place  through  the  hole  on  the  top  pore  stone,  ensuring  no  sample  distur- 
bance. The  strain  dial  indicator  was  clamped  to  the  protruding  end  of 
the  thrust  rod  to  prevent  the  rod  from  slipping  and  disturbing  the  sample. 
Once  pressure  is  added  to  the  system,  the  clamp  on  the  strain  dial  can 
be  loosened. 

The  cell  was  then  placed  on  the  tri axial  platform-set  on  the  brass 
plate  and  centered  using  the  locating  pin  on  the  plate.  The  loading  arm 
on  the  platform  was  then  lowered  until  the  stress  dial  Indicator  was 
touching  the  thrust  rod.  When  the  cell  system  was  properly  located  on 
the  triaxial  platform,  and  no  leakage  of  water  appeared,  cell  pressure 
was  then  added  by  connecting  the  air  line  hose  to  the  top  of  the  tri- 
axial cell  (see  picture  - air  hose  is  "A"  ).  A waterline  connection  was 
set  in  place  by  connecting  a hose  from  the  pressure  saturation  device 
to  the  connection  to  the  bottom  pore  stone  (water  line  hose  is  "B"  in 
picture).  To  facilitate  saturation  of  the  sample,  a hose  was  connected 
from  the  top  stone  to  the  atmosphere  (this  hose  is  "C"  in  picture). 

Once  these  connections  were  in  place,  the  center  valve  on  the  pressure 
saturation  device  was  opened  for  water  to  run  into  the  sample  inside  the 
cell,  and  saturation  pressure  was  supplied  via  the  air  system  in  Rickover 
Hall,  regulated  by  an  air  regulator  located  on  top  of  the  pressure  sat- 
uration device  (regulator  is  "D"  in  picture).  Ensure  that  the  saturation 
pressure  is  less  than  the  cell  pressure,  or  the  soil  sample  will  explode 
inside  the  cell.  Once  a steady  stream  of  water  emerges  from  the  connec- 
tion to  the  atmosphere,  the  atmospheric  connection  can  then  be  taken  off. 
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and  the  top  stone  can  be  connected  to  the  pore  water  pressure  measuring 
device  (Device  is  "E"  in  picture,  connection  is  "F").  If  the  sample 
is  completely  saturated,  there  should  be  a reading  of  zero  psi  on  the 
pore  pressure  gauge.  The  waterline  connection  from  the  pressure  satura- 
tion device  should  be  disconnected  at  the  same  time  the  atmospheric 
connection  Is  taken  off.  The  triaxial  test  can  then  be  performed. 

Synchronize  the  start  of  the  test  with  a stopwatch,  switch  on  the 
load,  and  record  the  readings  from  the  pore  pressure  device,  the  stress 
dial  indicator  ("G"  In  picture),  and  check  the  air  pressure  gauge  to 
ensure  the  readings  are  not  fluctuating  ("H"  in  picture).  Readings 
should  be  taken  at  a consistent  time  period,  such  as  every  five  minutes 
for  a 45  minute  test,  or  % hour  for  10  hour  tests.  The  stress  gauge 
does  not  give  a direct  readout  of  the  axial  stress;  it  is  necessary  to 
find  the  stress  using  a loading  curve  that  comes  with  the  load  ring. 

The  stress  Is  found  by  taking  the  load  reading  from  the  load  ring  curve, 
and  dividing  by  the  cross  sectional  area  of  the  soil  sample. 

The  pore  pressure  reading  is  a direct  reading  on  the  gauge,  but  the 
strain  must  be  found  by  taking  the  reading  on  the  strain  dial  indicator 
and  dividing  by  the  initial  length  of  the  sample. 

The  desired  rate  of  testing  is  found  by  determining  the  maximum 
strain  desired  for  the  particular  test.  If  a 20%  maximum  strain  at  fail- 
ure is  desired,  for  a 45  minute  test,  a strain  rate  is  found  by  realiz- 
ing that  .2x  initial  sample  height  will  be  the  failure  point.  Hence, 
for  our  analysis,  .2x  6.5"  = 1.3"  at  failure.  The  strain  rate  Is  found 
by  taking  1.3"  and  dividing  by  45  minutes  to  get  a strain  rate  of 
0.0289"/min. 
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Once  the  failure  strain  has  been  reached,  run  the  test  for  once 
more  data  point,  then  halt  the  strain  motor  on  the  triaxial  cell,  release 
the  water  from  the  cell  using  the  front  bottom  connection  on  the  cell 
with  a hose,  release  the  axial  load  by  reversing  the  triaxial  motor,  and 
slowly  release  the  air  pressure  from  the  cell. 

The  cell  is  removed  from  the  platform,  the  thrust  rod  (letter  "I" 
in  picture)  is  taken  out  of  the  cell  opening,  the  top  of  the  cell  is 
removed,  the  metal  cylinder  is  removed,  all  the  hose  connections  are 
removed,  and  the  top  stone  is  removed.  The  sample  is  now  ready  for  the 
vane  shear  test. 

The  vane  is  inserted  through  the  top  of  the  failed  sample,  and  in- 
serted the  same  distance  (2.25")  into  the  sample  as  the  previous  vane 
shear  tests.  After  the  vane  shear  test  is  completed,  another  h"  thick 
sample  is  taken  from  the  center  of  the  failed  soil  sample,  and  a water 
content  analysis  is  run  on  it.  This  will  give  the  change  in  water  content 
from  before  the  test. 

Once  the  vane  shear  test  and  water  content  test  is  run  on  the  failed 
triaxial  sample,  the  sample  may  be  placed  back  in  the  storage  can,  and 
another  test  is  run. 
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APPENDIX  B ( I I ) 


DESCRIPTION  OF  WATER  CONTENT  ANALYSIS 


Water  content  of  each  test  sample  was  obtained  before  and  after 
each  triaxial  test.  Water  content  is  defined  as  the  ratio  of  the  weight 
of  water  to  the  weight  of  the  solid  in  a soil  taken  from  its  natural 
surroundings.  Natural  water  content  is  an  easy  characteristic  to  obtain, 
but  is  an  important  indicator  of  other  sediment  properties,  such  as  shear 
strength. 

PROCEDURE  FOR  DETERMINATION  OF  WATER  CONTENT 

1.  Preweigh  a small  circle  of  paper  (ensure  the  paper  is  larger  than 
the  size  of  soil  to  be  analyzed). 

2.  Select  a homogenous  sample  o*  sed  nent  and  place  a consistent  amount 
of  it  on  the  paper. 

3.  Weigh  immediately  to  obtain  the  weight  of  the  wet  soil.  Thai  place 
paper  and  soil  on  a dish,  which  is  to  be  placed  in  a drying  oven. 

4.  Allow  sample  to  dry  thoroughly,  using  a drying  oven.  Be  certain  to 

use  the  same  amount  of  time  for  each  soil  sample  to  maintain  con- 
sistent results,  to  ensure  that  ambient  humidity  does  not  cause 
calculations  to  be  inaccurate.  Recommended  setting:  5,  for  a 

period  of  1 hour. 

5.  Weigh  the  paper  with  the  dried  soil  immediately. 

6.  The  weight  of  the  water  is  simply  the  weight  of  the  paper  with  the 
wet  soil  minus  the  weight  of  the  paper  with  the  dry  soil. 

7.  The  weight  of  the  dry  soil  is  simply  the  weight  of  the  paper  with 
the  dry  soil  minus  the  weight  of  the  paper. 

8.  The  water  content  is  the  ratio  of  the  weight  of  water  (step  6) 
divided  by  the  weight  of  the  dry  soil  (step  7). 

9.  Repeat  this  procedure  for  successive  sediment  samples.  (See 
Appendix  C,  D,  H). 
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APPENDIX  D: 

1 . GRAPHICAL  RESULTS  FROM  TEST  SET  #1 

a.  Mohr  Envelope 

b.  Peak  shear  strength  vs.  normal  stress 

c.  Water  content  vs.  consolidation  pressure 

d.  Peak  shear  strength  vs.  water  content 

e.  Peak  pore  water  pressure  vs.  time 

f.  Peak  deviator  stress  vs.  time 
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APPENDIX  E: 

1. EQUIPMENT  PHOTOGRAPHS 

a.  Laboratory  arrangement  of  all  equipment 

b.  Triaxial  Compression  Cell 

c.  Vane  Shear  Apparatus 

1 


54 


2 


CSJ 


oo 


x 


<c 

Q 


O 

CO 


o 

o 


to 

OJ 


0) 
k 
3 
to 
0J  to 
k <u 
o k 

Q.  CL 


03  03 
•i-  k 


00 


ro  a> 
k ai 
4->  <o 
00  CD 


00. 

cU 


to 

f—  to 
<o  0) 

•r*  k 
X 
C oo 


03  X) 
•r-  10 

X o 


to 
to 
03  03 
k al 
4->  03 
OO  CD 


oo<vjtninvoNCOWocsjroinoinu)U>ou3oino 

i—  r—  r-^»—  cvjcsjco^funmvovor^ 


ocsjincoocotnNOcvji^N  ojLor^.oootncx)c\jc\j 
^cONrsinirj^t^tfocsjr-r-oc^cocONvoinin^ 

cvjco*3-ir>ior^coo?Oi— cvjcvjco^-mvor^ooo* 


iDi-VOCsJCOrOCO^tOLDr-VOCVJCOrOOXtOinr-VD 

OOr-r-CVJCV)fOrO^U)I^VO^NNCOCOO>OOr-»- 


VOO>C\JCVJCOOCOr-NVOfOOOCO^OOlf)inCOr-N 

ocovoo^fomcoo^foinocvjvoofoinvoNcsjinNN 

’ r—  r-  r—  r-  CSJ  CNJ  C\J  CO  CO  *d“  W UO  ID  VO  VO  OO  tO 


«3-  cr»  C\J  CVJCO^J-  COr-OVOiOS^ 
cjGr>r^cococoo>ir>v©r^c\JOvoc\jocor^ir>Qr^co 
Or-Oir)COrOVDNNCMl/)OJ^-NNr-(Mr-r-OOCO(\J 

ir!^-Lr)NO>Or-(oi/>Nc>i-foir>Nro^Nooo^o 

r-  •—  f-^r—  r-r-CVJCVJCVJCViCOCOCOCOOO^f 


tncvjcovor— omo^coiDcsjr-^ooa^cocooocvjvo^* 
r-O^C\JNr-<tVOO«ta>COCOrONO'tVOrONO^O 

8 Or—  r-cvjc\jcvjrocoro^3-KrLoir>tor^r^oooococr» 

oooooooooooooooooooo 


otnoLOoooouooLDooootnouooonotoooo 

r-r-c'jCsjrofo^^-LniniDvDNNcocoa^o^oo 


Lateral  Pressure  = 50  psi 


55 


oiflomoininowooooooiflooo 

i-i-cvjNMtniooowor-N^-infvcoo 

r-r—  (—  f—  i—  i—  i—  CJ 


i—  -r-  oidomoinoifioinoinoinoinoiflo 

io  n 

■r—  i_  r-M^iofsOiocvjmiruocOffif-M^-ins 

X 4->  f—  r— I— r-.—  I—  CMCMCMCMCM 


CM  «3-  VO  CO  CM  CO  CO  CM^lOOOOCVl'tlC 
Oi-CMfO'tlOfxMWOCjrOM-UllOCOOlOi- 

r—  r-^r-r— r-^r—  I—  i— CMCM 


OM(B(ominooisfl,C'ifli-tooiflON 

OCOfOlflCOr-  V N CO  CO  Ol  Ol  O r-  f—  CMCMIOLO 

I — i — r—  CM  CM  CM  CM  CM  CM  CM  CO  CO  CO  CO  CO  CO  CO 


VONOOOr-mMcMS-OlOi-Saifli-OON 

or^corooooinovoo<foOr-<trsOMifloo 

«d-r>.CT<i—  CM^v©vor-«r^r».cocooOCTiCT>CT>CT> 


r-rvOlOlCONOtffOMQMnCMCO^OW 

i-NO'tOOCMlONOOWOOr-CMMCOcMt 

8i-c\jcMCMMmnnfo<j-ct<'^f<j»tq'^ 

ooooooooooooooooo 


oinoinomoi/iomoinoino^oifio 

i-r-CMOJCCfO^-VlClfllOlONNOOCOffl 


Lateral  Pressure  = 75  psi 


Cut  Test  Data  #6 


I- 


| . 


■M  (U 

(V  4-> 

•r- 

4J  ro 

CO 

U <D  U 

Q. 

a>x 

>■— " 

■M  c 

03  »r- 

0) 

u ro 

U 

£ 0)  u 

• 

3 

U > 4-> 

CO 

LU 

CO 

3 O CO 

i- 

-J 

QJ  CO 

ooooooooo 

i/> 

sz 

a. 

0) 

4)  4) 

o u 

O +j  +j 

CVJ 

a.  a. 

to  to 

s.  U 

s- 

T3  3 

QJ 

Z 

41  C O 

4-» 

o 

+->•1-0 

4- 

*0  03  03 

03 

<c 

3 S- 

1— 

" 

c 

•O 

< 

O 00  <T3 

4) 

o 

c 

3 

in 

r—  •»— 

i—  QJ  4-> 

<0 

ro  ro 

cvj  in  m i—  ro 

4-  a>  oj 

QJ 

in 

r— 

•r-  U 

OCOCOOlCOVOCTlt— VO 

to  a> 

u 

UJ 

03 

X +-> 

• ••••••• 

c s- 

h- 

•r 

<C  in 

^•oocvjr^r-tno^r 

•I-  4)  O 

4-> 

X 

r-  i—  CVJ  CVJ  CO  CO 

to  > +j 

CO 

QZ 

03 

S-  03 

41 

c 

•r 

■*->  >> 

4-> 

UJ 

i- 

c 

CO  a)  4-> 

a: 

h- 

•r- 

.c  ••— 

41 

in 

'*— > * 

OJ  +->  > 

x: 

*o 

JZ  *r- 

4-> 

UJ 

0) 

CD 

in 

+J  <L)  +J 

z 

c 

c c 

r-  cvj  *3-  in  in  i^  cr> 

C f- 

o 

c 

•r* 

•f—  *f- 

00 'll  rt  N o «no  ift 

+■>  *r-  CO 

in 

> 

03 

IO  -O 

©ojinco.—  «3-voo>oj 

3 E C 

L. 

U 03 

XI  U 4) 

* 

QC 

T3 

qj 

r—  r“  r—  r—  CVJ 

0)  CO 

CJ5 

UJ 

c 

in  a: 

* +-> 

c 

ZD 

•D  <D  +J 

in 

Hoc 

p> 

►— * 

•r-  QJ 

CO 

CD 

Q> 

S-  O f- 

QJ 

UJ 

4-> 

^ x>  o 

4-> 

Of 

03 

•r- 

•f* 

"O 

10 

-a  <4- 

<4- 

o 

*r“ 

o. 

♦O  0) 

o 

* U 3 

O 

3 CO 

l/> 

o 

CO 

IO 

VO  o\  ov 

C CO  C 

UJ 

c 

r—  i/> 

O CO  i-f0«3ls®0 

•r-  (0  f 

JC 

-J 

o 

(0  01 

• 1 •••••• 

03  QJ 

»— 4 

o 

<—  vo  c--  r>»  r»  co 

s-  £ 4- 

CVJ 

c 

X -t-> 

4->  O 

u. 

II 

C UO 

i n in 

&- 

•r 

to  in 

41 

in 

t— 

CO 

t—  S •!- 

4-> 

CD 

=> 

a. 

<0 

4- 

z 

o 

C QJ  i- 

03 

H-H 

o 

^ — ■«» 

•*“  t — o 

Q 

m 

4-  a.  x> 

41 

<C 

• • 

E O 

U 

UJ 

qj 

ii 

CO  Clr-OCOMO 

a«  « E 

c 

ce 

«H> 

r— 

o«o  i <r  ro  crj  i- o 

CO  01 

03 

•r— 

o 

4-> 

(0  T3 

• •••••• 

CVJ  QJ 

t- 

Ul 

in 

z 

o 

•r*  03 , 

o id  co  in  vo  rs  co 

V-  4-> 

03 

a: 

CL 

>— 1 ' 

r— 

* ° 

>—  co  *3- 

C O to 

QJ 

Z3 

a. 

<C  — 1 

•t-  u 

in 

•r- 

CO 

ro  4-> 

O 

in 

l/> 

• 

+j  X c 

UJ 

CL 

-O  CJ»*r- 

4) 

QL 

II 

0)  c 

■O 

O -t-  to 

U 

a. 

in 

s 

OVf—  j 

qj 

QJ  S- 

o 

00 

in 

♦O'— H 

E cvj  oo  cvj  m oo 

O ^ 4-> 

E 

Ul  |— 

OsJ 

CD 

c\j  Ecoaioooo 

+->  CO 

a:  in 

a> 

• 

ai 

O ID  O O t—  I—  t—  t— 

o 

o uj 

n 

c 

cvj 

CO  C 

00-0000000 

4)  to  U 

c 

a.  i- 

QJ 

CO  *r— 

4->  C 3 

x: 

U 

ii 

0)  -O 

QJ 

«0  f-  o 

“O 

in  — i 

4) 

4-> 

-♦-> 

u «o 

a> 

U 4- 

ro 

< < 

4-> 

o> 

in 

.c 

4->  <D 

03 

SZ 

M 

03 

c 

< 

in  o' 

CD 

C QJ  • 

Q X 

U 

QJ 

s. 

•r-  -C  *0  • 

■o 

<C 

U 

03 

to  4->  O 41 

o 

-J  HI 

u 

-♦-> 

41 

c c c 

U •!-  E 

s- 

<C  C3C 

to 

l/> 

-C 

*r—  •»—  »r— 

+->  4->  i-  *»“ 

S»  1- 

4) 

CO 

E E E 

l/l  (T3  (D  P 

z 

-C 

s. 

s 

in 

-C  CL 

in 

HH  O 

l/> 

03 

“O 

in 

CVJ 

in  o m 

r—  4->  4- 

3 

z 

QJ 

4) 

• 

• 

C C C 1—  co  *3- 

♦O  0)0 

u 

in  H-. 

c 

“O 

lO 

•r—  *r-  •»—  CO 

c +->  c 

«c 

•-t  3! 

•n 

i n 

p— 

EEEC.uv.t-i- 

•»-  C "O 

-4-> 

O 

E 

3 

ii 

ii 

0) 

x x x x x 

a>  QJ  4->  03 

< _l 

-X 

o 

E 

oinoin 

f +J  in  (H 

4» 

h-  _l 

0 

03 

E 

o 

•r- 

r—  CO^-r—  r—i— i—CM 

U X 4)  X 

-C 

< o 

o 

QJ 

sz 

«C 

i— 

O 41+J  to 

1- 

Q U. 

<T> 

a. 

u 

- 


i 


OCVJNr-COlftinOOW 

* r—  r—  C\J  CO  IT* 


00  r—  IT)  CO  I— 
OinO^r-NOJNMO 


midnooj  inrvo  ro 

r-  *—  »—  r-  C\J  C\J 


in  in  in  in 
o vo  ro  ouo  cnj  ^ in  cvj 
r- ro  ^ vo  co  o>  r- ro  in 


cor-omrowinr- 

Ol^^rsOOOOCnOr-CO 

OOVOIOVOVOVONNIX 


CsJ  CVJ 

OVO^CMNr-  m^-^oo 
r-  N ^ a>  O ' — r— r— CsJ 

inou^^ooooo 


VOOCO^invOOOWr- 
r—  C\J  CSi  CVJ  CVJ  CSJ  CVJ  CS1  CO 
f—  CSJCMOJCMCNJCVJCSJCSi 

oooooooooo 


oiDomotnomQLD 
f—  »— CVJOJCOCO^-^- 
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Vane  Shear  Test  Data 

Peak  t = .4  psi 
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